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Materials and Methods
Yeast strains
All yeast strains were derived from an S288C lys1Δ::kanMX; arg4Δ::kanMX parent (a generous gift of Ole Jensen, University of Southern Denmark). Additional strains were cdc28∆::cdc28-as1 (LH152) and cdc28∆::cdc28-as1; Clb2-HA::GAL-Clb2-∆N-URA3 (LH518).
Yeast culture conditions
We used the analog-sensitive cdk1-as1 strain, in which the endogenous copy of the CDK1 gene is replaced with a gene encoding a point mutant (F88G) that expands the ATP binding site of the kinase, rendering the mutant Cdk1-as1 enzyme uniquely sensitive to the bulky inhibitor 1-NM-PP1 (1). This strain allows rapid chemical inhibition of Cdk1-as1 in vivo. Proteins that are dynamically regulated by phosphorylation by Cdk1 and dephosphorylation by competing phosphatases (e.g. Cdc14 and PP2A) will be rapidly dephosphorylated following kinase inhibition.
To allow quantitative mass spectrometry, it is necessary to compare chemically identical phosphopeptides from two different conditions. To achieve this, we used cells of an arg4Δ; lys1Δ background that rely upon arginine and lysine supplied from the medium (2) . We then supplied either unlabeled lysine and arginine to the "light" culture or lysine and arginine in which every carbon and nitrogen is a heavy isotope to the "heavy" culture (heavy-labeled amino acids L-Lysine·2HCl (U- After 18 h, cell populations had undergone 9-12 doublings, and the heavy culture had incorporated almost 100% heavy arginine and lysine. The heavy culture was then treated for 15 min with 10 µM 1-NM-PP1 to inhibit Cdk1-as1.
Three different experiments were performed, to maximize the number of Cdk1 substrates detected and increase confidence in our site identification. First, we used asynchronous log-phase cultures. Second, cells were treated with nocodazole for 3 h to produce a metaphase arrest with high Cdk1 activity, resulting in larger numbers of Cdk1-dependent phosphorylation events. However, one of the major Cdk1-opposing phosphatases (Cdc14) is thought to be inactive in these cells (3, 4) . Since this experiment depends upon the activity of counteracting phosphatases, we performed a third experiment in which cells were arrested in late mitosis by expression of a non-degradable truncated cyclin (Clb2-Δ2-176) from the GAL1 promoter. In this arrest, Cdk1 activity is high and Cdc14 is at least partially active (3, 4) . This approach yielded even more phosphorylation sites that decreased in concentration after Cdk1 inhibition. About 40% of the Cdk1-dependent phosphorylation sites from the third experiment were also detected in at least one of the other experiments; in 90% of these cases, these phosphopeptides decreased in abundance after Cdk1 inhibition in at least two experiments (Database S2).
Preparation of peptides
Phosphopeptide preparation and analysis were based on previous methods (5-7). Cultures were harvested by centrifugation (4000 rpm, 5 min, 4ºC), and the heavy-and light-labeled cells were mixed together prior to lysing in denaturing conditions by bead-beating at 4ºC (4 cycles of 90 s, with 60 s breaks in between) in a buffer containing 50 mM Tris pH 8.2, 8 M urea, 75 mM NaCl, 50 mM NaF, 50 mM ß-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate and one protease inhibitor cocktail tablet (complete mini, EDTA-free, Roche) per 10 ml. The protein extract was then separated from the beads and insoluble material.
The protein concentration in the lysate was determined by BCA protein assay (Pierce) and ten milligrams of protein were subjected to disulfide reduction with 5 mM DTT (56ºC, 25 min) and alkylation with 15 mM iodoacetamide (room temperature, 30 min in the dark). Excess iodoacetamide was captured with 5 mM DTT (room temperature, 15 min in the dark). The denatured protein extract was then digested with 5 ng/µl trypsin in 25 mM Tris pH 8.2, 1 mM CaCl 2 , 1.5 M urea, at 37ºC for 15 h to yield a tryptic lysate. Because trypsin cleaves after arginine or lysine, heavy and light versions of every peptide (except the very C-terminal peptide of each protein) should be distinguishable based upon the mass difference between the heavy and light versions of at least one lysine or arginine.
Phosphopeptide enrichment
Peptide mixtures were acidified by addition of 10% TFA to a final concentration of 0.4%, clarified by centrifugation and desalted in a 500 mg tC 18 SepPak cartridge (Waters).
Peptides were then separated into 12 fractions by SCX chromatography on a Polysulfoethyl Aspartimide (PolyLC) semi-preparative column as described (7) 
LC-MS/MS analysis
Dried phosphopeptides (IMAC bound) and non-phosphorylated peptides (IMAC supernatant) were resuspended in 15 µl and 800 µl 5% ACN, 4% FA, respectively, and 1.5 µl was loaded onto a microcapillary column packed with C18 beads (Magic C18AQ, 5 µm, 200 Å, 125 µm x 18 cm) using a Famos autosampler (LC Packings). Peptides were separated by reverse-phase chromatography using an Agilent 1100 binary pump across a 60 min gradient of 7-28% ACN (in 0.125% FA) and online detected in a hybrid linear ion trap -Fourier transform ion cyclotron resonance (LTQ-FT, ThermoElectron, San Jose, CA) (asynchronous experiment) or a linear ion trap -Orbitrap (LTQ-Orbitrap, ThermoElectron, Bremen, Germany) (both mitotic arrest experiments) mass spectrometer using a datadependent TOP10 method. For each cycle, one full MS scan in the FT-ICR or the Orbitrap at 1·10 6 AGC target was followed by 10 MS/MS in the LTQ at 5000 AGC target on the 10 most intense ions. Selected ions were excluded from further selection for 35 s. Ions with charge 1 or unassigned were also rejected. Maximum ion accumulation times were 1000 ms for full MS scan and 120 ms for MS/MS scans.
There was no significant overrepresentation in our mass spectrometry experiments of peptides predicted to come from protein loops and disordered regions (Table S4) . Thus, the observed preferential distribution of phosphorylation sites in these regions is not due to bias in our detection methods.
Database searches and data filtering
RAW files were converted to the mzXML file format and imported into a relational database MySQL. Data analysis was performed using in-house software. MS/MS spectra were searched against a target-decoy S. cerevisiae ORF database using the Sequest algorithm and 15.99491 Da on Met (oxidation). XCorr and dCn' score cutoffs, mass deviation (in ppm) and peptide solution charge were empirically determined using decoy matches as a guide and aiming to maximize the number of peptide spectral matches while maintaining an estimated false-discovery rate (FDR) of ≤1%.
Phosphorylation site localization
Identified phosphopeptides (Database S1) were submitted to the A-score algorithm for precise site localization (5). Sites with A-score values greater than 13 were considered localized (at 95% confidence) and used for further analysis.
Peptide quantification
Relative quantifications of heavy-light peptide pairs were automatically performed from MS scans by peak intensity ratio at the XIC (extracted ion chromatogram) maxima using inhouse Vista software (9) . Roughly one third of all quantifications were discarded due to low quality, including low signal-to-noise. Database S2 lists all peptides for which highconfidence quantification and H/L ratios were obtained.
Data normalization
Non-phosphorylated peptides were used as controls for normalizing ratio distributions due to uneven cell mixing of heavy and light populations. The phosphopeptide log(H/L) ratios were normalized for each independent experiment by subtracting the median log 2 (H/L) from the corresponding non-phosphopeptide distribution. These corrected H/L ratios are shown in Database S2 and were used for all subsequent analyses.
Structure prediction
The structural environment of Cdk1-dependent phosphorylation sites was evaluated using secondary structure, domain and disorder prediction algorithms (10) (11) (12) (13) (14) . , respectively, Table S4 ).
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Fig. S1. Overview of phosphopeptide identification and relative quantification. Quantitative mass spectrometry was used to identify phosphorylation sites whose abundance decreased in vivo following Cdk1 inhibition. Cells of an arg4Δ; lys1Δ background were supplied with either regular lysine and arginine ("light" culture; blue) or lysine and arginine in which every carbon and nitrogen is a stable heavy isotope ("heavy" culture; red). 10 µM 1-NM-PP1 was added to the heavy culture for 15 min to inhibit Cdk1. The heavy and light cultures were mixed prior to lysing in denaturing conditions. Protein extracts were then trypsinized, and phosphopeptides were purified and analyzed by tandem mass spectrometry to determine the precise amino acid sequence and sites of phosphorylation (defined in C; e.g., p 0->1 denotes the probability of gain along a branch) are a function of t (D). When t is small the probabilities of gain (p 0->1 ) and loss (p 1->0 ) are near zero and as t increases these probabilities increase, reaching their equilibrium levels as t extends past 0.5. Age is defined as the weighted sum of branch lengths over which a site was inferred to be present (E), where the weight is just the probability that the phosphorylation site was maintained (p 1->1 ) or half the probability that it was gained (p 0->1 ) or lost (p 1->0 ) along that branch. The example phosphorylation sites for Shp1 (shown here in panel A and also in We expected that this method would help normalize for the effects of an uneven sampling of phylogeny (i.e., the fact that some branches of the tree are more densely populated by sequenced genomes than other parts). Indeed, as can be seen in Fig. 4B , the inferred ages have this desired property; for example, the four very closely related species of the Saccharomyces sensu stricto group do not contribute unfairly (i.e., as much as four more divergently related species do) to the age calculations. Context-independent mechanisms of activity modulation seem to predominate in both forms of regulation, allowing for relatively easy evolution of regulation. In the example presented here, combinatorial regulation by two distinct transcription factors or kinases creates an 'OR' logic gate (C). substrates (see main text): that is, they are followed by a proline and they declined in abundance by at least 50% in one or more of the three experiments. The table includes the systematic ORF name, SGD name, position of the phosphorylation site in the protein sequence (with a "#" symbol after the phosphorylation site), log 2 heavy/light (H/L) phosphopeptide abundance ratio, "age" (weighted sum of branch lengths for which regulation is predicted to be conserved) of precise site conservation and enrichment of consensus sites. Green indicates that the site is found within one of the 181 proteins previously determined to be efficiently phosphorylated by Cdk1 in vitro (19) . This is a conservative list of peptides in which the precise position of the phosphorylation site can be inferred with high confidence (A-score greater than or equal to 13, corresponding to >95% certainty). Phosphorylation events were typically detected in several peptides, and peptides were frequently phosphorylated at multiple positions. To reduce false positives, we used the H/L ratio from peptides that only contained phosphates on Cdk1 consensus sites, or otherwise we used the peptide with the least number of phosphates. Bold font indicates the biological replicates; that is, phosphorylation sites from peptides that declined in abundance by at least 50% following Cdk1 inhibition in one experiment and also declined after Cdk1 inhibition in another experiment (these sites are also listed separately in Table S2 ). Database S1 contains the full list of peptides with links to MS/MS spectra, and Database S2 contains all those phosphopeptides for which H/L ratios could be determined with high confidence. There are many additional Cdk1 substrate candidates within this dataset that do not match our stringent criteria for further analysis. Note also that our method ignores Cdk1-dependent phosphorylation sites that were not rapidly dephosphorylated in any of the three conditions tested; it seems likely that additional Cdk1 targets exist among the phospho-SP and phospho-TP peptides that did not decrease in abundance following Cdk1 inhibition. Table S1 ; see Dataset S2 for details). Column labels and formatting as in Table S1 . Table S3 . Gene ontology analysis of Cdk1 substrates. The set of proteins defined as Cdk1 substrates by our quantitative mass spectrometry experiments were assessed for enrichment in Gene Ontology categories (20) . 
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